While the bulk, stoichiometric Bi 2 Te 3 single crystals often exhibit p-type metallic electrical conduction due to the Bi Te -type antisite defects, doping by thallium (Bi 2−x Tl x Te 3 , x = 0−0.30) progressively changes the electrical conduction of single crystals from p type (0 x 0.08) to n type (0.12 x 0.30). This is observed via measurements of both the Seebeck coefficient and the Hall effect performed in the crystallographic (0001) plane in the temperature range of 2-300 K. Since any kind of substitution of Tl on the Bi or Te sublattices would result in an enhancement of the density of holes rather than its decrease, and because simple incorporation of Tl at interstitial sites or in the van der Waals gap is unlikely as it would increase the lattice parameters which is not observed in experiments, incorporation of Tl likely proceeds via the formation of TlBiTe 2 fragments coexisting with the quintuple layer structure of Bi 2 Te 3 . At low levels of Tl, 0 x 0.05, the temperature-dependent in-plane (I ⊥c) electrical resistivity maintains its metallic character as the density of holes decreases. Heavier Tl content with 0.08 x 0.12 drives the electrical resistivity into a prominent nonmetallic regime displaying characteristic metal-insulator transitions upon cooling to below ∼100 K. At the highest concentrations of Tl, 0.20 x 0.30, the samples revert back into the metallic state with low resistivity. Thermal conductivity measurements of Bi 2 Te 3 single crystals containing Tl, as examined by the Debye-Callaway phonon conductivity model, reveal a generally stronger point-defect scattering of phonons with the increasing Tl content. The systematic evolution of transport properties suggests that the Fermi level of Bi 2 Te 3, which initially lies in the valence band (for x = 0), gradually shifts toward the top of the valence band (for 0.01 x 0.05), then moves into the band gap (for 0.08 x 0.12), and eventually intersects the conduction band (for 0.20 x 0.30).
I. INTRODUCTION
Single crystals of Bi 2 Te 3 , which have a layered rhombohedral structure [see Fig. 1(a) ] with the space group R3m (D 5 3d , S. G. No. 166), are narrow band-gap (E g ∼ 0.13 eV at 300 K) semiconductors, renowned for excellent thermoelectric properties and efficient cooling applications at and below room temperature.
1 Bi 2 Te 3 , together with its isostructural sister compounds Bi 2 Se 3 and Sb 2 Te 3 , have recently been also identified as the most promising materials systems with which to realize a three-dimensional (3D) topological insulator (TI). 2 Such an exotic state of matter possesses a bulk insulator state together with Dirac-type metallic surface states arising from the unique band structure and strong spin-orbit coupling. While angle-resolved photoelectron spectroscopy (ARPES) measurements have proved without any doubt the presence of topologically protected surface states, [3] [4] [5] [6] the spectacular transport properties predicted to be associated with surface states have not yet been fully demonstrated. The primary cause hampering transport measurements is a high conductivity of the bulk state that overshadows the contribution of surface states. This is due to high density of charged antisite defects of the type Bi
−1
Te (an atom of Bi occupying a site on the Te sublattice and carrying charge −1 that is compensated by a hole in the valence band) that drive the system p type and are responsible for high density of holes on the order of 10 19 cm −3 at room temperature in Bi 2 Te 3 crystals grown from stoichiometric melts. 7 Although experimental techniques, such as post-annealing Bi 2 Te 3 crystals in Te vapors, 8, 9 have been developed to compensate such naturally formed acceptor defects in order to achieve a bulk insulator, better and more efficient ways of controlling the carrier density are still highly desirable. In this paper, we report on our recent attempt of fine tuning p-type Bi 2 Te 3 into the nonmetallic regime through elemental Tl doping. We provide transport property measurements from 2 to 300 K that reveal interesting physical phenomena in Tl-doped Bi 2 Te 3 single crystals as the position of the Fermi level is being altered.
II. EXPERIMENT
Single crystals of Bi 2 Te 3 containing Tl with the nominal concentration corresponding to Bi 2−x Tl x Te 3, 0 x 0.30, were synthesized using a modified Bridgman method. First, we prepared Tl 2 Te 3 from stoichiometric quantities of Tl and Te weighted under argon and then added appropriate amounts of Bi and Te. All elements were of 5N purity. The synthesis was done in well-evacuated quartz ampoules with a tapered bottom. After annealing at 1090 K for 24 h, single crystals were grown via lowering ampoules through a temperature gradient of 400 K/5 cm at a rate of 4.5 mm/hour. The resulting single crystals were easily cleavable along the hexagonal (0001) planes, i.e., perpendicular to the trigonal c axis.
Powder x-ray diffraction (XRD) patterns (2θ , 10
• -80 • ) were characterized using a Scintag X1 x-ray diffractometer with Cu Kα radiation on powders obtained by grinding central parts of the single crystals. A JEOL 3011 transmission electron microscope (TEM) operating at 300 kV was used to analyze the detailed microstructure. The chemical composition analysis was conducted using energy dispersive spectrometry (EDS). The TEM specimen was prepared by in situ focused ion beam (FIB) lift-out method, performed in an FEI Helios 650 workstation. To study the chemical states, x-ray photoelectron spectroscopy (XPS) investigation was performed in a Kratos Axis Ultra XPS system using a monochromatic Al source, where Cu was adopted as the binding-energy reference.
Samples with dimensions 10 × 3 × 2 mm 3 (2 mm along the trigonal c axis) for physical property characterizations were cut from the central part of the single crystals with a spark erosion machine. Low-temperature transport property measurements were carried out over the temperature range of 2-300 K. Electrical resistivity, Seebeck coefficient, and thermal conductivity were determined using a longitudinal steady-state technique in a homemade cryostat. Thermal gradients were measured by fine Chromel-Au/Fe thermocouples, with a small strain gauge serving as the heat source. As Seebeck probes we used fine copper wires carefully calibrated to correct for the absolute thermopower of Cu. 10 Galvanomagnetic measurements were carried out in a Quantum Design MPMS system (magnetic field up to 5.5 T), using a Linear Research ac bridge with 16-Hz excitation. The current was in the (0001) plane for all transport measurements, while the magnetic field for Hall measurements was oriented parallel to the c axis. The uncertainties of electrical resistivity, Seebeck coefficient, and thermal conductivity are estimated to be ±3%, ±3%, and ±7%, respectively.
III. RESULTS
As shown in Fig. 1(a) , Bi 2 Te 3 has a layered structure formed by (Te 1 -Bi-Te 2 -Bi-Te 1 ) type of quintuple layers (QLs), often referred to as the tetradymite-type lattice. The XRD patterns in Fig. 1(c) suggest all samples can be readily indexed to the Bi 2 Te 3 phase (JCPDS 82-0358), 11 with additional peaks (indicated by arrows) in the x = 0.30 sample that can be ascribed to the formation of rhombohedral TlBiTe 2 phase (JCPDS 85-0421). 12 Incorporation of Tl into the tetradymite-type lattice of Bi 2 Te 3 deserves a comment. One might naively expect the atoms of Tl to substitute for Bi. This to be the case, such doping would enhance the density of holes. As we shall see later, this is contrary to the experimental results that clearly show a crossover from p-type to n-type dominated transport as the content of Tl increases. A simple scenario in which Tl occupies interstitial sites or is in the van der Waals gap of the Bi 2 Te 3 structure is also unlikely as this contradicts no changes being observed in the lattice parameters. Finally, arguing that the presence of Tl increases the bond polarity and thus decreases the probability of formation of antisite defects Bi Te that give bulk Bi 2 Te 3 its p-type character, is also unlikely as the content of Tl is very low in these studies. In fact, as the above structural and compositional analysis using XRD, HRTEM, and SAED indicates, it is via the formation of TlBiTe 2 how Tl enters the Bi 2 Te 3 lattice. This mechanism was originally suggested in Ref. 14 and we now have an experimental proof of its existence. Since Bi 2 Te 3 and TlBiTe 2 are closely related (the same D from 0 to 0.30, the Bi and Te peaks obtained from the ⊥c surface systematically shift toward higher energy, which we interpret as a change of the valence state in Bi and Te due to Tl presence in the lattice. The existence of Tl in the crystal is confirmed by the emergence of peaks corresponding to the Tl 4f levels in sample x = 0.30 as illustrated in Fig. 2(c) , which are listed in Table I and compared with literature values for pure Tl. 16 The atomic concentration for Tl is estimated to be 3.83 ± 1.95%, somewhat lower than the nominal value 6% for x = 0.30. However, the XPS spectra of sample x = 0.30 in the ⊥c surface differ from that in the c surface. Since the Bi and Te c peaks of the sample x = 0.30 do not deviate from that of the sample x = 0, as shown in Figs. 2(d) and 2(e), we ascribe the Tl c peaks of sample x = 0.30 in Fig. 2(f) to some loosely bonded Tl atoms which leave the binding energies of Bi and Te essentially unchanged. Even though Tl peaks were indeed observed in the XPS survey scan of sample x = 0.20, no discernible Tl signal in the XPS core scan was picked up for samples with x 0.20 (even after several attempts), probably due to the very low concentration of Tl actually incorporated in the crystals (amounts much lower than one would expect based on the nominal x), together with the uneven distribution of Tl in the crystal (we have observed a large standard deviation of Tl concentration in the sample of x = 0.30). There is no doubt that Tl reveals its presence in Bi 2 Te 3 on transport properties of the crystals, but it is difficult to establish its presence quantitatively by whatever analytical measurement.
The temperature-dependent electrical resistivity ρ and Seebeck coefficient S measured in the (0001) plane are shown in Figs. 3(a) and 3(b) , respectively. The pure A sketch of the band model along the -K direction, 9, 17, 18 together with the position of E F (dashed lines) corresponding to various x values, is presented as the inset of Fig. 3(a) . By properly choosing the content of Tl (0.08 x 0.12), one can pin E F in the band gap, a situation that is potentially favorable for the studies of TIs.
Upon increasing the content of Tl up to x = 0.05, the system maintains its metallic conduction characteristics. However, a gradually decreasing density of holes, as shown in Fig. 4(b) , leads to an increase in the electrical resistivity. This corresponds to a shift of E F toward the VB maximum. Since the density of extrinsic carriers in these lightly Tl-doped samples is decreased, the presence of thermal excitations across the band gap becomes evident on ρ versus T curves before room temperature is reached. Even clearer evidence of intrinsic excitations is seen in the behavior of the Seebeck coefficient where down-turns set in at progressively lower temperatures and are more dramatic as electrons start to compensate extrinsic holes.
Heavier Tl content with x between 0.08 and 0.12 drives the system into a prominent nonmetallic regime of conduction. During this transition, the density of extrinsic holes is greatly diminished, the carrier type changes from that of a hole-dominated to an electron-dominated transport [see the behavior of the Seebeck coefficient in Fig. 3(b) , and the Hall coefficient in Fig. 4(a)] , and E F shifts from a position close to the top of VB (x = 0.08) to a location deep into the band gap (x = 0.10), and then approaches the bottom of CB (x = 0.12). Very low background carrier concentrations of samples with 0.08 x 0.12 make thermal excitations across the band gap much more prominent in both the resistivity and Seebeck coefficient data and bipolar contributions are manifested at even lower temperature ∼200 K. Interestingly, when the Tl-doped Bi 2 Te 3 crystals (x = 0.08-0.12) are cooled down from ∼200 K, a metal-insulator type of transition at ∼100 K is always observed in ρ. Below ∼100 K, the system displays a distinctly insulating behavior (rather than metallic) corresponding to the Fermi level being buried in the band gap. Surprisingly, the insulating behavior peaks near 50 K and is followed by a decreasing resistivity (samples x = 0.08 and 0.12) or a tendency to quasisaturate (x = 0.10) that persists down to the lowest temperatures of the experiment. of the surface metallic state. However, why the metallic state abruptly ceases to exist near 50 K, the gap opens, and the insulating state takes over is an open question. It is worth noting that a similar transport response was also observed in Tl-doped PbTe, 19 where the resonant states introduced by Tl are believed to play an important role in understanding such effect.
The behavior described above regarding ρ maps well onto the trend observed in S. In the regime dominated by extrinsic holes (0 x 0.08), as ρ increases, the positive S increases. Likewise, in the regime where ρ is governed by electrons (x = 0.12-0.30), a decreasing ρ leads to a decreasing magnitude of the negative S. We also note that a local maximum is seen in the magnitude of S near ∼7 K for all samples regardless of Tl-doping level. This is likely a manifestation of the phonondrag effect 20 reflecting a strong electron-phonon interaction at low temperatures and high-crystalline quality samples.
Results of the Hall coefficient (R H ) measurements are shown in Fig. 4(a) , together with the carrier density n [defined as n = 1/(e R H ) and applicable for a single parabolic band approximation, where e is the elementary charge, and positive (negative) n stands for holes (electrons)] and Hall mobility (defined as μ H = R H /ρ) in Figs. 4(b) and 4(c) , respectively. Note that, above ∼200 K, where intrinsic excitations start to take place, such simplified experimental determination of the carrier density and mobility is no longer appropriate (see the unphysical sharp turns in n at high temperature for x > 0.08). This is also the reason why the x = 0.10 sample shows "falsely" large carrier concentration which becomes even more significant at high temperatures since electrons and holes are compensating each other. We observe systematically varying carrier concentration for x = 0-0.08, where extrinsic holes dominate the transport process, resulting in positive R H with density of holes suppressed as x increases. For x = 0.20-0.30, the negative R H validates the electrondominated conduction, where larger x tends to increase the density of electrons as the Fermi level moves deeper into the conduction band. Such tuning of carrier density is in accordance with the increasing content of TlBiTe 2 and therefore progressively higher density of electrons as the nominal amount x of Tl increases. As shown in Fig. 4(c) , carriers are clearly classified into three different categories: for x = 0-0.05, the mobility is high (μ 10K ∼ 9000 cm 2 V −1 s −1 ), while it becomes significantly suppressed (by a factor of ∼16) to a low value (μ 10K ∼ 560 cm 2 V −1 s −1 ) for x = 0.08; with a further increase in Tl content (x = 0.20-0.30), the crystal becomes an n-type conductor with μ H restored to intermediate values (μ 10K ∼ 3000-4000 cm 2 V −1 s −1 ). The inset of Fig. 4 (c) displays a log-log plot of μ H versus T , indicating a temperature dependence of μ H ∼ T −3/2 that suggests the acoustic phonon scattering is playing an important role at temperatures near the ambient.
The temperature-dependent thermal conductivity κ of these Tl-doped Bi 2 Te 3 samples is shown in Fig. 5(a) . The resulting dimensionless thermoelectric figure of merit ZT = S 2 σ T /κ is plotted in Fig. 5(b) , indicating that a trace amount (x ∼ 0.01) of Tl may actually help to improve the thermoelectric performance of Bi 2 Te 3 . Higher concentrations of Tl have a clearly negative impact on the thermoelectric performance. The total thermal conductivity can be decomposed as κ = κ L + κ e , where κ L and κ e are the lattice and electronic thermal conductivities, respectively. The κ L is calculated by subtracting κ e obtained from the Wiedemann-Franz law. Here, κ e = Lσ T , where σ (= 1/ρ) is the electrical conductivity and L is the Lorenz number. Note that under the single parabolic band approximation with one dominant carrier type, 1 the Seebeck coefficient is given by
where k B is the Boltzmann constant, q is the charge of carrier [+e (−e) for hole (electron)], r is the scattering index in the energy-dependent relaxation time τ = τ 0 ε r (taken to be −1/2 for acoustic phonon scattering), η = E F /k B T is the reduced Fermi level, and F n (η) is the nth Fermi-Dirac integral defined as
Using η determined from the experimental values of Seebeck coefficient, the Lorenz number L can be estimated via The resulting T -dependent phonon conductivity κ L is examined using the Debye-Callaway model 21, 22 
where x =hω/k B T , ω is the phonon frequency,h is the Planck constant, k B is the Boltzmann constant, v is the averaged velocity of sound, θ D is the Debye temperature, and τ c is the relaxation time. The overall relaxation rate τ −1 c is given by τ
where terms on the right-hand side correspond to the boundary scattering ( is the mean grain size), defect scattering, umklapp processes, 23 and normal scattering, 24 respectively. Here, , A, B, and C are fitting parameters. Figure 6 presents the lattice thermal conductivity for various Tl-doped Bi 2 Te 3 single Fitting parameters are listed in Table II . Such model depicts the temperature dependence of κ L very well at low temperatures, but starts to underestimate κ L for T > 100 K, where effects of radiation loss, temperature dependence of Lorenz number, and bipolar thermal conductivity all contribute. An attempt to include electron-phonon scattering (e.g., τ −1 e−p ∼ω 2 ) in the calculations did not improve the overall fit. Note that the increasing content of Tl generally leads to a lower dielectric maximum in κ L , a broader peak, and its slight shift to higher temperatures, with an enhanced strength of point-defect scattering of phonons.
IV. CONCLUSION
While it is difficult to establish quantitatively (and even qualitatively at low Tl concentrations) the presence of Tl in the crystal lattice of Bi 2 Te 3 , its systematic effect on the transport behavior leaves no doubt that Tl plays an important role in shifting the Fermi level and thus transport properties of Bi 2 Te 3 . The incorporation of Tl in Bi 2 Te 3 proceeds via the formation of defected layers of TlBiTe 2 that contain charged vacant planes of Te. Such structure is crystallographically akin to Bi 2 Te 3 and seems randomly distributed. Moreover, it is the source of electrons responsible for an effective way of tuning p-type metallic Bi 2 Te 3 gradually into an n-type conductor with the increasing content of Tl, and therefore TlBiTe 2 , as confirmed by measurements of the Seebeck coefficient and the Hall effect. During the p-n transition, interesting nonmetallic states are present with unique electrical resistivity profile. Samples having the Fermi level in the band gap display a metallic or quasisaturated conduction below ∼50 K. This might be a transport signature of the presence and dominance of the topologically protected surface state. Introducing Tl into the crystal lattice of Bi 2 Te 3 thus might be of interest in achieving bulk insulating states that then allow detection of surface states. Thermal conductivity of Tl-doped Bi 2 Te 3 is suppressed on account of enhanced point-defect scattering.
Very low concentrations of Tl seem to marginally improve the thermoelectric performance of Bi 2 Te 3 .
